Under a video-microscopic observation, we found that morphologically similar cells, even in apposition, show different reactions to artificial stimulations.
Cells seem to have individuality in responses, which makes it complex to analyze the molecular mechanism of intracellular interactions. 2, 3 For time-course analysis of the intracellular histamine content, the total amount of histamine is usually measured by conventional biochemical methods. However, because an intact tissue is a heterogeneous assembly of cells at various maturation stages, different amounts of intracellular molecules, such as histamine, may exist in each cell. [4] [5] [6] In addition, the amount of intracellular molecules might change each time. Therefore, we do not really know whether the histamine preexisted in the cell or not, and how much histamine content was in each cell in the intact tissue microenvironment.
If a molecular content analysis at the single-cell level is possible, such difficulties in cell research can most probably be overcome. 7, 8 In this study, as a new analytical performance of an interacting cell, we measured the histamine in a bone marrow-derived mast cell by a mass-spectroscopic approach that combines a micro-suction technique of a single cell on the cell layer of another type.
Experimental
The single cell handling For a mass-spectroscopic analysis at the single-cell level, it is necessary to establish a technique of single-cell manipulation. Figure 1 shows a schematic diagram of microscopic manipulation at the single-cell level. Mouse bone marrowderived mast cells 9 were seeded on a confluent layer of coverslip cultured mouse 3T3 fibroblasts in 35-mm culture dishes. At different time points cocultures were rinsed three times with Ca 2+ -and Mg 2+ -free phosphate-buffered saline (PBS(-)). To capture a single bone marrow-derived mast cell on the fibroblast monolayer, microsuction was performed with a programmable microinjector (NARISHIGE, IM-300) and microscopic manipulator (NARISHIGE, MO-303) under an inverted microscope (OLYMPUS, IX-50).
Glass capillaries (NARISHIGE, G-1) were made with a capillary pipette puller (NARISHIGE, PB-7). The average outside diameter of the top of the pipettes was 30 µm. Bone marrow-derived mast cells were selected based on the morphological appearance i.e. when it adhered efficiently to the fibroblasts and changed to be fully granulated. Such cells were selected and aspirated (by microsuction) into a capillary pipette. An aspirated mast cell was released to the surface of the hydrophobic treated sample plate of matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometer, and this solution was mixed with 0.5 µL of 30 mg/mL 2,5-dihydroxybenzoic acid aqueous solution (DHB).
A single cell MALDI-TOF mass spectroscopic assay
After assessing the position of a cell on the sample plate by a microscope, MALDI-TOF mass spectrometer (PE Biosystems, Voyager RP-3) 10 was utilized to measure the intracellular histamine content. The accelerating voltage used was 20 kV and a measurement of the mass spectra was performed in a linear mode. In order to ensure that single-cell MALDI-TOF mass-spectroscopic method is quantitative, the ratio of the signal height histamine (m/z 112.1) used as a standard model was compared with that of a DHB fragment (m/z 110.0) spiked as an internal standard. The ratio of the signal height of histamine/DHB was linearly correlated with the signal height of histamine within the range of 0.1 to 2.0, as shown in Fig. 2 . The data show that the present method is capable of determining the intracellular histamine levels in a single bone marrow-derived mast cell.
Results and Discussion

Applications to an assay of the cell maturation process
The high selectivity of the microsuction technique and the sensitivity of the MALDI-TOF mass spectrometry of this method were demonstrated by an assay of cell maturation process from a single mast cell on fibroblasts. Mast cell maturation process can be accounted for by differences in the type and amount of various preformed mediators that are stored in the granules. 6 Twenty-four, 72, and 120 hours after seeding the mast cells on the fibroblasts, the present method was applied to the determination of the intracellular histamine content changes of each mast cell. Signal intensities of intracellular histamine were detected in a bone marrow-derived mast cell at each time point (Fig. 3) . Tight adhesion of these mast cells to the fibroblast monolayer remained unchanged for period of up to 120 h. Mast cells contained less than 1 pg/cell of histamine at 24 and 72 h. However, at 120 h the histamine content of some granule-rich mast cell was 3 pg/cell. These signal intensities of the histamine were dependent on the granulated morphology and cell size of a bone marrow-derived mast cell. The intracellular histamine analysis of a single mast cell was directly detected from the intricate culture system like the fibroblast monolayer, and showed that the significant signal of histamine was obtained. Intracellular histamine is gradually increased by mast cell maturation owing to a cocultural effect of fibroblasts.
We have established a highly selective, sensitive procedure for the detection of intracellular molecules in a tissue microenvironment model. First a highly granulated and tightly adhering bone marrow-derived mast cell was selected by morphology, and then a MALDI-TOF mass spectrometer was used to directly investigate the histamine content of a mast cell. A direct MALDI-TOF mass spectroscopic analysis of single cells offers a valuable approach to gain insight into the peak intensity of mediators like the histamine 11 which is closely related to cellular differentiation and maturation processes. The analysis of intracellular molecules has previously been done on a large number of cells. 12 In this study, we successfully detected histamine from a single bone marrow-derived mast cell. In conclusion, the single cell MALDI-TOF mass spectroscopic assay offers a powerful approach for the chemical analysis of cellular diversity at the single-cell level. Fig. 3 Morphology of a bone marrow-derived mast cell (white arrowhead) just prior to microsuck into a capillary pipette, and then MALDI-TOF mass spectra of single bone marrow-derived mast cell cocultured with fibroblasts. The intracellular histamine of one mast cell was detected and its signal intensities were dependent on the mast cell granulation and size.
